Abstract-In this paper, we first explore a selective cooperation framework for secondary user transmissions in a cognitive radio network with single relay. In the selective cooperation framework, two transmission modes (i.e., relay diversity transmission and non-relay direct transmission) are considered. We study two specific selective cooperation schemes with and without an acknowledgement (ACK) from a cognitive destination as to if it succeeds in decoding or not, called ACK and non-ACK based selective cooperation, respectively. We derive closedform outage probability expressions for the two schemes with imperfect spectrum sensing, showing that an outage probability floor occurs in high signal-to-noise ratio (SNR) regions due to mutual interference between primary and secondary users. We consider the use of the outage probability floor to generalize the traditional diversity-multiplexing tradeoff (DMT) definition, based on which a DMT analysis is conducted for the non-ACK and ACK based selective cooperation schemes. We then extend the selective cooperation framework to a multiple-relay cognitive radio network considering the best cognitive relay only to participate in assisting secondary transmissions, referred to as the selective best-relay cooperation. We also consider the non-ACK and ACK based selective best-relay cooperation schemes and develop their DMTs by using the generalized DMT definition.
I. INTRODUCTION C OGNITIVE radio [1] , [2] is proposed as a means to enable secondary users to communicate with each other over primary user's licensed bands through detecting spectrum holes. Typically, a secondary user first searches an available spectrum hole through spectrum sensing and then transmits its data traffic over the detected hole [3] [4] [5] . However, it is impossible to achieve perfect spectrum sensing without any miss detection and false alarm of the presence of primary users, implying that mutual interference between the primary and secondary users exists in cognitive radio networks. Since a primary user's quality-of-service (QoS) requirement shall be guaranteed in cognitive radio [3] , the mutual interference would severely degrade the secondary user transmission performance.
Cooperative diversity, emerging as a spatial diversity technique, has been proposed to improve the wireless transmission performance. In [6] , [7] , several cooperative protocols, i.e., fixed relaying, selection relaying, and increment relaying, have been proposed and analyzed for Rayleigh fading channels in terms of the outage probability. The advantages of such cooperative diversity protocols [6] [7] [8] typically come at the cost of a reduction in spectral efficiency since the cooperative relays transmit over multiple orthogonal channels to avoid interfering with each other. To overcome this shortcoming, the relay selection based cooperative diversity has been studied in [9] and [10] , where only the "best" relay is selected to participate in relaying and thus only two channels (i.e., the best relay link and direct link) are required regardless of the number of relays. It has been shown that the best-relay selection based cooperative diversity protocol not only avoids complex synchronization among distributed relays, but also achieves the full diversity [9] .
The cooperation technique also has great potential to be applied in cognitive radio networks. In [11] , a collaborative spectrum sensing approach has been proposed to combat wireless fading and improve the probability of detection of the primary user. In [12] , the authors have explored the application of cooperative diversity to spectrum sensing by exploiting the user cooperation. Then, paper [13] has studied a fully distributed cooperative spectrum sensing strategy in which cognitive users are allowed to share their sensing information. Furthermore, in [14] , the authors have explored coalition games for distributed collaborative spectrum sensing and shown the performance improvement of proposed coalition formation algorithm. Note that, the cooperative spectrum sensing approaches proposed in [11] [12] [13] [14] require dedicated reporting channels for cognitive users to transmit their binary detection results or observed signals to a fusion center. To remove the dedicated reporting channels, we have proposed an alternative cooperative spectrum sensing framework in [16] and shown that the proposed scheme (without dedicated reporting channels) can achieve the same sensing performance as conventional cooperation spectrum sensing (with dedicated reporting channels). In [17] , we have considered the use of cooperative diversity for secondary transmissions with a primary QoS constraint and proposed an adaptive cooperation diversity scheme with best-relay selection in cognitive radio networks considering a spectrum underlay sharing policy.
In this paper, we explore a selective cooperation framework for cognitive radio by jointly considering the relay diversity transmission and non-relay direct transmission. Typically, the 0090-6778/12$31.00 c 2012 IEEE relay transmission achieves diversity gain at the cost of loss of multiplexing gain and, in contrast, the other mode inherits full multiplexing but without any diversity gain. We study the non-ACK and ACK based selective cooperation schemes for secondary transmissions and derive their closed-form outage probability expressions over Rayleigh fading channels. We generalize the traditional definitions of diversity gain and multiplexing gain and develop DMTs of the non-ACK and ACK based selective cooperation schemes. We extend the selective cooperation to a multiple-relay cognitive radio network and study a selective best-relay cooperation scenario where only the best cognitive relay is selected to participate in assisting secondary transmissions. We also consider the non-ACK and ACK based selective best-relay cooperation schemes and develop DMTs of the non-ACK and ACK based selective best-relay cooperation schemes.
The remainder of this paper is organized as follows. In Section II, we provide a brief description of the selective cooperation framework in a cognitive radio network and present signal modeling for the non-ACK and ACK based selective cooperation schemes. Section III derives closedform outage probability expressions for the two schemes over Rayleigh fading channels, followed by Section IV, where a DMT analysis is presented. Next, in Section V, we extend the selective cooperation to a multiple-relay cognitive radio network and propose the non-ACK and ACK based selective best-relay cooperation schemes. In this section, we derive closed-form outage probability expressions and conduct DMT analysis for the non-ACK and ACK based selective best-relay cooperation schemes. Finally, in Section VI, we make some concluding remarks.
II. PROPOSED NON-ACK AND ACK BASED SELECTIVE COOPERATION SCHEMES IN COGNITIVE RADIO NETWORKS
This section presents a non-ACK and an ACK based selective cooperation transmission schemes in cognitive radio networks. We formulate the signal modeling for the two selective cooperation schemes.
A. System Model
Consider that a cognitive radio network coexists with a primary network, as shown in Fig. 1 , where the cognitive radio network consists of a cognitive source (CS), a cognitive relay (CR), and a cognitive destination (CD). As stated in [3] , [4] , CS shall first sense the licensed frequency band in search of spectrum holes and then utilize the detected holes for data transmissions. If CS misses a detection of the presence of PU, the secondary transmissions would interfere with primary transmissions. In order to show the impact of spectrum sensing on the secondary transmission performance, we consider imperfect spectrum sensing with the probabilities of detection and false alarm of the presence of primary user (PU) as denoted by P d and P f , respectively. According to IEEE 802.22 requirements, the detection and false alarm probabilities should be guaranteed to target values, i.e., P d ≥ 0.9 and P f ≤ 0.1. Hence, throughout this paper, we consider P d = 0.99 and P f = 0.01 to protect a primary QoS.
Once a spectrum hole was detected, CS would start its data transmissions through the detected hole. Following [5] and [6] , we consider the use of cognitive relays for CS' data transmissions and study a selective cooperation framework as shown in Fig. 2 , where two transmission modes (i.e., relay diversity transmission and non-relay direct transmission) are available and CS would adaptively select a preferable choice depending on a specific strategy. Typically, the relay transmission mode can achieve the full diversity gain at the cost of loss of multiplexing gain and, in contrast, the direct transmission mode can achieve the full multiplexing gain. This motivates us to explore the selective cooperation by jointly considering the two transmission modes for potential performance improvement. Note that, although the cognitive radio scenario in this paper considers a single channel, the proposed protocols can be applied and extended to a more generic scenario with multiple channels through wideband spectrum sensing. Once more than one spectrum holes were found, the cognitive source starts its data transmissions over the detected spectrum holes by using multi-carrier transmission techniques (e.g., orthogonal frequency-division multiplexing), for which similar performance results can be obtained.
For notational convenience, let H p (k) denote whether or not the licensed band is occupied by PU in time slot k, i.e., H p (k) = H 0 represents that the band is unoccupied by PU; otherwise, H p (k) = H 1 . We use a Bernoulli distribution with parameter P a to model the random variable
denote the decision (made at CS) on the status of a licensed band, e.g.,Ĥ s (k) = H 0 represents that an idle licensed band is detected at CS. Note that the spectrum sensing resultĤ s (k) is assumed to be unchanged during one time slot and varies slot-by-slot. Assume that all the channels are modeled as independent complex Gaussian random variables and are invariant within each time slot. All receivers have the additive white Gaussian noise (AWGN) with the same power spectral density N 0 .
B. Direct Transmission
For the comparison purpose, let us first consider the direct data transmission from CS to CD without relaying. Given that a spectrum hole was detected (i.e.,Ĥ s (k) = H 0 ), CS would transmit its signal x s (k) (E(|x s (k)| 2 ) = 1) with power P s at data rate R. Denoting the transmit power of PU by P p , we can calculate an instantaneous mutual information in time slot k from CS and CD via direct transmission as
where
and h pd (k) are, respectively, the fading coefficients of the channel from CS to CD and that from PU to CD, and θ(k) is defined as
where x p (k) is the transmit signal at PU in time slot k.
Note that H p (k) = H 0 represents that the licensed channel is unoccupied by PU and nothing is transmitted from PU, and
C. Non-ACK Based Selective Cooperation
In what follows, we study a non-ACK based selective cooperation scheme, where no acknowledgement (with regard to success or not in decoding) would be transmitted from CD. No matter whether CD decodes the received signal directly from CS successfully or not, CR would always forward its decoded outcome if it succeeds in decoding CS' signal. Specifically, in the first phase, CS broadcasts its data to CR and CD. Then, in the subsequent phase, if CR decodes the received information successfully, it would forward the decoded result to CD that would finally combine the signal copies received during the two phases. Otherwise, CS, instead of CR, transmits new data information which is different from the one transmitted during the previous phase. We can employ a cyclic redundancy code (CRC) to determine whether CR decodes its received signal successfully or not, i.e., if the CRC checking passes, it is assumed that CR succeeds in decoding.
In the given caseĤ s (k) = H 0 , CS would broadcast its signal x s (k) to CR and CD in the first phase of time slot k. Thus, the instantaneous mutual information from CS to CR, I sr (k), can be given by
where the factor 1/2 in the front of log-function is resulted from a half-duplex relaying constraint [5] , [6] , h sr (k) and h pr (k) are, respectively, the fading coefficients of the channel from CS to CR and that from PU to CR, and θ(k, 1) is defined as
where x p (k, 1) is the PU's signal in the first phase of time slot k. During the second phase of time slot k, CR would forward its decoded outcome using a selective relaying strategy. As shown in Fig. 2 , there are two possible cases depending on whether CR succeeds in decoding CS' signal or not. In an information-theoretic sense [5] , [6] , we can describe the event of successfully decoding at CR as I sr (k) > R, where R is the data rate of secondary transmissions. In this case, CR would forward its decoded outcome to the CD during the second phase of time slot k. Combining the received signals during the two phases with maximum ratio combining (MRC), we can obtain an enhanced signal version at CD, and thus the mutual information from CS to CD using the relay diversity transmission can be given by
where θ(k, 2) is defined as
wherein x p (k, 2) is the PU's signal in the second phase of time slot k. Given the case that CR fails to decode CS' signal (i.e., I sr (k) < R), CS (instead of CR) would transmit new data information. The reason for choosing the direct transmission mode in this case is that CR would not help CD in decoding CS' signal, if it forwards an incorrectly decoded CS' signal to CD. Thus, in this case, the mutual information from CS to CD can be depicted by (1).
D. ACK Based Selective Cooperation
In this subsection, we consider an ACK based selective cooperation scheme, where CD is assumed to transmit an acknowledgement to inform CS and CR whether it decodes CS' signal successfully or not in the first phase. Specifically, if CD succeeds in decoding its received signal directly from CS in the first phase, it broadcasts an ACK signal to both CS and CR so that CR can avoid forwarding the decoded outcome and save the channel resource for CS transmitting new data information. Otherwise, in the case of CD failing to decode CS' signal in the first phase, the process in the subsequent phase of the ACK based selective cooperation scheme is the same as that in the non-ACK based scheme. Throughout this paper, we assume that the power consumption and date rate of the ACK packet are negligible compared to these of an information packet, since the ACK packet typically contains only 1-bit information in an information-theoretical sense.
Accordingly, for the ACK based selective cooperation scheme, the relay diversity transmission mode would be adopted only when CD fails to decode and CR succeeds in decoding CS' signal in the first phase, i.e., I direct (k) < R and I sr (k) > R. In addition, in the case of I sr (k) < R (implying that CR fails to decode CS' signal), the non-relay direct transmission mode would be employed.
III. OUTAGE ANALYSIS OF THE PROPOSED SELECTIVE COOPERATION SCHEMES
In this section, we analyze the outage probability of the proposed selective cooperation schemes over Rayleigh fading channels. In the following, let us first consider the direct transmission.
A. Direct Transmission
As known in [5] and [6] , if the mutual information falls below a predefined data rate, an outage event is said to occur. Hence, given that a spectrum hole was detected, an outage probability of the direct transmission can be calculated as
where I direct (k) is given by (1) . Using the total probability theorem and conditional probabilities, we can expand the preceding equation as
By using Bayes' Theorem, term (8) can be further calculated as
is the probability of the licensed band being unoccupied by PU,
are, respectively, the probabilities of detection and false alarm of the presence of PU. For notional convenience, let (1) into (8) yields
where Δ = (2 R − 1)/γ s . One can observe from the expressions of π 1 and π 2 that, with either an increased detection probability or decreased false probability, π 1 increases and π 2 decreases, which result in the decrease of outage probability as shown in (9) 
, respectively. Without loss of generality, the primary transmit SNR γ p can be represented by a product of the secondary transmit SNR γ s and a coefficient α, i.e., γ p = αγ s . Following (9) and considering γ s → ∞, we can obtain
pd is the ratio of the channel gain from CS to CD to the channel gain from PU to CD. As indicated from (10) , an outage probability floor occurs as the transmit SNRs, γ s and γ p , approach infinity. The reason is that, when γ s and γ p are sufficiently high, the interference from the primary user becomes dominant factor to cause an outage event in secondary channels. Hence, in high SNR regions, it is not feasible to improve the outage performance by increasing the transmit power, which motivates us to explore approaches to reduce the outage probability floor.
B. Non-ACK Based Selective Cooperation
In this subsection, let us focus on the outage analysis for the proposed non-ACK based selective cooperation scheme. As mentioned in Section II-C, given a spectrum hole detected, the relay diversity transmission mode would be utilized only if CR succeeds in decoding CS' signal (i.e., I sr (k) > R); Otherwise, the non-relay direct transmission mode would be adopted by CS for its data transmissions. Hence, given the casê H s (k) = H 0 , an outage probability of the non-ACK selective cooperation scheme is given by
which can be rewritten as Eq. (12) at the top of the following page, where
Hence, substituting (1), (3) and (5) into (12) yields
and σ 2 rd , respectively. Thus, the probabilities as given in (13), e.g.,
, can be easily found in closed-form solutions, where
) and
and
Pr[x + y − zγ p Λ < Λ], which are calculated as
, otherwise (14) and
where a closed-form solution to Pr[x + y < Λ] is given in (14) , and the parameter ϑ is given by
we can obtain an outage probability floor of the non-ACK based selective cooperation scheme as
pr is the ratio of the channel gain from CS to CR to that from PU to CR, and
pd is the ratio of the channel gain from CR to CD to that from PU to CD.
C. ACK Based Selective Cooperation
The following presents an outage probability analysis for the ACK based selective cooperation scheme. As stated in Section II-D, for the ACK based selective cooperation scheme, the relay diversity transmission mode would be adopted in the case of I direct (k) < R and I sr (k) > R and, moreover, the non-relay direct transmission mode should be used if I sr (k) < R occurs. Thus, the outage probability of the ACK based selective cooperation scheme can be calculated as Eq. (17) at the top of the following page. Considering the total probability theorem and using (3), (6) and (10), we can rewrite the preceding equation as Eq. (18) . All the probabilities as given in the preceding equation can be calculated with closed-form solutions. Notice that
]. In addition, using Lemma 2
in Appendix A, we can obtain an outage probability floor of the ACK based selective cooperation scheme as where ρ = λ sr-pr /λ sd-pd and δ = λ rd-pd /λ sd-pd . Fig. 3 plots (9), (13) and (18) as a function of the primary and secondary SNRs (γ p and γ s ) considering two cases, i.e., (P d = 0.9, P f = 0.1) and (P d = 0.99, P f = 0.01). As depicted in Fig. 3 , no matter which transmission scheme is considered, the outage probability corresponding to (P d = 0.99, P f = 0.01) is lower that corresponding to (P d = 0.9, P f = 0.1), showing the outage probability improvement through better spectrum sensing. All cases in Fig. 3 show that outage probability floors occur in high SNR regions for the non-cooperative direct transmission and the non-ACK and ACK based selective cooperation schemes. This is because that imperfect spectrum sensing results in miss detection of the presence of the primary user, and thus causes mutual interference between the primary and secondary users, which becomes a dominant factor for outage event occurrence in high SNR regions. In addition, one can see from Fig. 3 the ACK based selective cooperation scheme always outperforms the non-ACK based scheme in terms of the outage probability across the whole SNR regions. Note that, although the ACK based selective cooperation scheme achieves better outage performance than that of the non-ACK based scheme, it comes at the expense of delay and is thus only appropriate for nonreal-time data communication applications. In contrast, the non-ACK based selective cooperation scheme is more suitable for real-time applications than the ACK based scheme. In Fig. 4 , we compare the outage probability floors of the non-cooperative direct transmission and the non-ACK and ACK based selective cooperation schemes by plotting (10), (16) , and (21) as a function of the channel gain ratio λ sd-pd . Note that, if the cognitive radio system employs an advanced signal processing technique (e.g., beam-forming), the interference from a PU transmitter to a SU receiver can be reduced significantly, resulting in a large value of the channel gain ratio, λ sd-pd = σ 2 sd /σ 2 pd . As shown in Fig. 4 , both the non-ACK and ACK based selective cooperation schemes outperform the non-cooperative direct transmission in terms of the outage probability floor performance over wide λ sd-pd regions. One can see from Fig. 4 that, in high λ sd-pd regions, the slopes of the curves corresponding to the non-ACK and ACK based selective cooperation schemes are twice of that corresponding to the direct transmission. This indicates that, as the channel gain ratio λ sd-pd increases, the outage floors of the selective cooperation schemes are reduced much faster than that of the traditional direct transmission.
D. Numerical Results

IV. DIVERSITY-MULTIPLEXING TRADEOFF ANALYSIS
In this section, we investigate the DMT of proposed selective cooperation schemes in cognitive radio networks. As is known in [18] , the traditional diversity gain definition is given by d = − lim SNR→∞ log P e (SNR)/ log SNR. If such a definition was used in the diversity analysis of cognitive transmissions, the diversity gain would always be zero, since the outage probability of cognitive transmissions approaches a non-zero constant in high SNR regions, as shown in (10), (16) and (21). In order to evaluate the diversity order of cognitive transmissions, we present a generalized diversity gain in [17] as an asymptotic ratio of the outage probability floor to the average gain of an interference link, where the desired link quality is not taken into account. Since both the desired link and interference link come together in cognitive radio due to imperfect spectrum sensing, we here define a diversity gain as an asymptotic ratio of the outage probability floor to a channel gain ratio λ sd-pd of the average gains of desired link and interference link as λ sd-pd → ∞. Hence, following (10), the generalized diversity gain of the direct transmission scheme can be given by
As discussed in [17] , if an advanced signal processing technique (e.g., beam forming) is employed by the cognitive radio system, the interference from a PU transmitter to a SU receiver can be mitigated significantly. Therefore, the channel gain ratio, λ sd-pd , could approach infinity, when the cognitive users utilize a beam forming technique. In [18] , the traditional multiplexing gain (r) is given by r = lim SNR→∞
R(SNR)/log(SNR).
Similarly, we here consider the use of λ sd-pd (instead of SNR) for a multiplexing gain definition that is analogously given by
which is applied to the DMT analysis of all protocols including the direct transmission, and the non-ACK and ACK based selection cooperation schemes. Combining (10), (22) and (23) yields
One can observe from (24) that a diversity gain d direct = 1 is achieved as r → 0 and, on the other hand, a full multiplexing gain r = 1 is achieved as the diversity gain approaches zero. Next, let us examine DMTs of the proposed non-ACK and ACK based selective cooperation schemes. Similar to (22), the diversity gain of the non-ACK based selective cooperation scheme is calculated as
By combining (16) , (23) and (25), a DMT of the non-ACK based selective cooperation scheme can be found as
which shows that a diversity gain d non-ACK = 2 is achieved as r → 0 and, however, only one-half multiplexing gain, i.e., r = 1/2, can be achieved as d non-ACK → 0. Similarly, the diversity gain of the ACK based selective cooperation scheme is given by
Substituting (21) and (23) into (27), we can obtain a DMT of the ACK based selective cooperation scheme as One can observe from (28) that a maximum multiplexing gain r = 2/3 is achieved as d ACK → 0, showing its advantage over the non-ACK based selective cooperation scheme. Fig.  5 shows a comparison of the DMTs for the direct transmission and the proposed non-ACK and ACK based selective cooperation schemes, where an ideal DMT is also given. It is observed from Fig. 5 that crossover points between the direct transmission and proposed non-ACK and ACK based selective cooperation occur at r = 1/3 and 1/2, respectively. This implies that, if the multiplexing gain is above one-third, i.e., r > 1/3, the non-ACK based selective cooperation is worse than the direct transmission. Moreover, given r > 1/2, the direct transmission even performs better than the ACK based selective cooperation scheme. In addition, the ACK based selective cooperation always outperforms the non-ACK based scheme in terms of the DMT performance.
V. EXTENSION TO MULTIPLE-RELAY COGNITIVE RADIO NETWORKS
In this section, we consider an extension of the selective cooperation to a multiple-relay cognitive radio network consisting of one cognitive source (CS), one cognitive destination (CD), and M cognitive relays (CRs), as shown in Fig. 6 . Given multiple CRs available to assist CS' data transmissions, a straightforward way is to allow all the relays to participate in forwarding CS' signal to CD. Although this approach can achieve full diversity gain, it typically requires the complex symbol-level synchronization among distributed relays. To address this issue, an alternative protocol, called the best relay selection, has been studied in cognitive radio networks [17] . It has been shown that the best relay selection also achieves the full diversity for cognitive radio. Hence, we study the selective cooperation in the multiple-relay scenario by considering the best relay only to assist CS' transmissions, called selective best-relay cooperation, as illustrated in Fig. 7 where two transmission modes (i.e., the best-relay diversity transmission and non-relay direct transmission) are considered. One can observe from Fig. 7 that, in the first phase, CS broadcast its data to CD and CRs. Then, all CRs attempt to decode their received signals and those CRs which decode successfully constitute a set D, called a decoding set. Accordingly, the sample space of all possible decoding sets can be described
where ∅ is an empty set and D m is a non-empty sub-collection of the M cognitive relays. In the subsequent phase, if the decoding set (D) is not empty, the best-relay transmission mode is adopted, i.e., the best relay would be chosen within the decoding set to forward its decoded result to CD. If D is empty, i.e., no relay is able to decode CS' signal, CS would transmit a new data message to CD through its direct link, meaning that the non-relay direct transmission mode is used. For the selective best-relay cooperation, we also consider two strategies: non-ACK and ACK based selective best-relay cooperation. Notice that the only difference between the non-ACK and ACK based selective best-relay cooperation is when the best-relay transmission mode should be adopted. To be specific, for the non-ACK based scheme, once the decoding set is not empty, the best-relay transmission mode is employed. However, ACK based selective best-relay cooperation would adopt such transmission mode only when both the decoding set is not empty and CD acknowledges its failure of decoding CS' signal through the direct link.
In what follows, we first present a signal model of the best-relay transmission mode, and then derive closed-form outage probability expressions for the non-ACK and ACK based selective best-relay cooperation schemes. Finally, we investigate the DMT for the proposed selective best-relay cooperation schemes.
A. Signal Model
In this subsection, we address the signal modeling for the best-relay diversity transmission. Note that a detailed signal model of the direct transmission mode has been provided in Section II-B. Given that a spectrum hole was detected in time slot k, i.e.,Ĥ s (k) = H 0 , CS broadcast its message x s (k) with power P s and data rate R to CD and all CRs. Hence, a mutual information from CS to CR i , as denoted by I si (k), is found as
where θ(k, 1) is given by (4), h si (k) and h pi (k) are the fading coefficients of the channel from CS to CR i and that from PU to CR i , respectively. We can describe whether CR i is in decoding D or not as
When the best-relay transmission mode is adopted, we would choose the best cognitive relay within D m to forward its decoded signal to CD. In general, the cognitive relay, which can achieve the highest received signal-to-interference-andnoise ratio (SINR) at CD, is viewed as the "best" relay. Therefore, given that the best-relay transmission mode is used, the mutual information from CS to CD via the best cognitive relay through the MRC can be determined by
Now, we complete the model formulation for the best-relay transmission mode.
B. Outage Probability Analysis
The following focuses on the closed-form outage probability analysis for the non-ACK and ACK based selective best-relay cooperation schemes over Rayleigh fading channels.
1) Non-ACK Based Selective Best-Relay Cooperation:
As mentioned above, if the decoding set D is not empty (i.e., D = D m ), the non-ACK based scheme would adopt the bestrelay transmission mode. Otherwise, the direct transmission mode would be used. Hence, an outage probability of the non-ACK based selective best-relay cooperation scheme can be calculated as Pout non-ACK, multiple
where I best-relay (k) and I direct (k) are given by (31) and (1), respectively. Following (30) and (31), the term
at the right-hand side of (32) can be expanded as Eq. (33) at the top of the following page, where
are given by exp(− Λ σ 2
si
and Pr[ max
Eq. (27) of [5] , we can obtain a closed-form solution to term Pr[ max
where D m is the number of the elements in decoding set D m , S m (n) is the n-th non-empty sub-collection of the elements of D m , and φ Sm(n) is given by
Moreover, using Eq. (28) of [5] , term Pr[ max i∈Dm
wherein
. In addition, from (1) and (29), the
in the right-hand side of (32) is calculated as
where the probabilities
2) ACK Based Selective Best-Relay Cooperation:
This scheme typically adopts the best-relay transmission mode only when the decoding set is not empty and CD acknowledges its failure of decoding CS' signal through the direct link. Thus, an outage probability of the ACK based selective best-relay cooperation scheme is given by
Using (1), (29) and (31), we can expand the term (38) at the top of the following page, where the probabil-
are easily calculated as exp(−
respectively. Moreover, terms Pr[ max 2) and (B.3) , respectively, in Appendix B. In addition, a closed-form solution to the term
in the right-hand side of (37) is given by (36).
3) Numerical Results: Fig. 8 shows the outage probability versus the primary and secondary SNRs (γ p and γ s ) of the non-cooperation and the non-ACK and ACK based selective best-relay cooperation schemes by using (9), (32) and (37). As shown in Fig. 8 , both the non-ACK and ACK based best-relay cooperation schemes outperform the traditional noncooperative direct transmission. Moreover, the outage probability floors of the non-ACK and ACK based selective cooperation schemes are lower than that of the non-cooperation. As the number of cognitive relays increases, the outage floors Outage probability versus the channel gain ratios (λ sd-pd = σ 2 sd /σ 2 pd , λ si-pi = σ 2 si /σ 2 pi , and λ id-pd = σ 2 id /σ 2 pd ) of the non-cooperation and the best-relay cooperation schemes with Pa = 0.6, P d = 0.99, P f = 0.01, γs = γp = 30dB, and R = 1bit/s/Hz.
of the non-ACK and ACK based cooperation schemes are reduced greatly, which further shows the advantage of the selective best-relay cooperation. In addition, one can see from Fig. 8 that the ACK based selective best-relay cooperation scheme performs better than the non-ACK based scheme in terms of the outage probability. Fig. 9 plots (9), (32) and (37) as a function of the channel gain ratios,
, with relatively high primary and secondary SNRs (i.e., γ s = γ p = 30dB). As shown in Fig. 9 , both the non-ACK and ACK based selective best-relay cooperation schemes outperform the traditional non-cooperation scheme in terms of the outage probability. It is worth mentioning that, in high channel gain ratio regions, the slopes of the outage probability curves corresponding to the non-ACK and ACK based selective best-relay cooperation are much larger than that of the non-cooperation scheme, which further increase with an increasing number of cognitive relays. This implies that, as the channel gain ratios increase, the outage probabilities of the non-ACK and ACK based cooperation scheme are improved much faster than that of the traditional noncooperation scheme.
C. Diversity-Multiplexing Tradeoff Analysis
In this section, we examine the DMT for the proposed non-ACK and ACK based selective best-relay cooperation schemes. From Lemma 3 as given in Appendix C, a DMT of the non-ACK based selective best-relay cooperation scheme is obtained as
which shows that a maximum diversity gain M +1 is achieved as r → 0 and a maximum multiplexing gain 1/2 is achieved as d non-ACK,mutiple → 0. In addition, using the results of Lemma 4 in Appendix C, we obtain a DMT of the ACK based selective best-relay cooperation scheme as
One can observe from (40) that a maximum multiplexing gain (M +1)/(2M +1) is achieved as the diversity gain approaches zero, showing the advantage of the ACK based selective bestrelay cooperation scheme over the non-ACK based scheme. Moreover, with an increasing number of cognitive relays M , the maximum multiplexing gain of the ACK based selective best-relay cooperation decreases and eventually becomes onehalf when M → ∞. Fig. 10 compares the DMTs of the non-cooperation and the non-ACK and ACK based best-relay cooperation schemes. One can observe from Fig. 10 that the maximum diversity gains of the non-ACK and ACK based selective best-relay cooperation scheme with M = 2 and 4 are d = 3 and 5, respectively, which are larger than that of the non-cooperative transmission. Fig. 10 also shows that the ACK based selective best-relay cooperation outperforms the non-ACK based cooperation in terms of the DMT performance. In addition, one can see from Fig. 10 that, as the number of cognitive relays increases from M = 2 to 4, the maximum multiplexing gains achieved by the ACK based cooperation schemes decreases from r = 3/5 to 5/9. 
VI. CONCLUSION
In this paper, we investigated a selective cooperation framework for secondary data transmissions in cognitive radio networks. We studied non-ACK and ACK based selective cooperation schemes and derived closed-form outage probability expressions for the two selective cooperation schemes in Rayleigh fading channels. We showed that an outage probability floor of the secondary transmissions occurs in high SNR regions and, moreover, the outage floors of the non-ACK and ACK based selective cooperation are lower than that of the traditional direct transmissions. We proposed a generalized DMT definition and developed DMTs of the non-ACK and ACK based selective cooperation schemes. We then extended the selective cooperation to multiple-relay cognitive radio networks and explored a selective best-relay cooperation by considering the best cognitive relay only to assist the secondary transmissions. We examined non-ACK and ACK based selective best-relay cooperation schemes and evaluated their performance in terms of outage probability and DMT.
APPENDIX A ASYMPTOTIC OUTAGE ANALYSIS OF THE SELECTIVE COOPERATION
In this Appendix, we examine an asymptotic outage probability analysis in high SNR regions for the proposed non-ACK and ACK based selective cooperation schemes. At the beginning, let us develop Theorem 1 that would be frequently used for the asymptotic outage analysis throughout this paper. 
where b is any positive value and O(·) represents a higherorder infinitesimal. Proof: Without loss of generality, by letting t = x − ay, a conditional probability density function (PDF) of t given t < 0 is obtained as approaches zero with probability 1 for λ → ∞. Accordingly, applying Taylor series expansion to exp(
The proof is completed.
A. Lemma 1 (Non-ACK Based Selective Cooperation Scheme)
This lemma presents an asymptotic outage analysis for the non-ACK based selective cooperation in high SNR regions. Considering γ p = αγ s and letting γ s → +∞, we can easily obtain lim 
which is calculated as
Considering λ rd-pd → ∞ and following Theorem 1,
Substituting this result into (A.4) and performing the double integral yields,
where λ sd-pd = σ 
B. Lemma 2 (ACK Based Selective Cooperation Scheme)
Letting γ p = αγ s and considering γ s → ∞, we can easily obtain that both
. By substituting these results into (18) and denoting
, an outage probability floor of the proposed ACK based selective cooperation scheme can be expressed as
where term lim 
Substituting (A.9) into (A.7) yields
which completes Lemma 2.
APPENDIX B PROBABILITY DERIVATION OF THE ACK BASED SELECTIVE BEST-RELAY COOPERATION
, which is calculated as
By using the binomial expansion formula, term
, where D m represents the number of the elements in decoding set D m and S m (n) is the n-th non-empty subcollection of the elements in D m . Substituting this result into the preceding equation and performing integration yield
where ϕ Sm(n) is given by
, otherwise Similarly, by letting
Since random variables x i , y and z follow exponential distributions and are independent of eath other, we can obtain
where ψ Sm(n) is given by
. For the case of which completes DMT analysis of the non-ACK based bestrelay cooperation scheme.
B. Lemma 4 (ACK Based Selective Best-Relay Cooperation Scheme)
This lemma shows a DMT for the ACK based selective bestrelay cooperation scheme. Similar to (C.1), the diversity gain of the ACK based selective best-relay cooperation scheme is defined as where Pout floor ACK,multiple is an outage probability floor of the ACK based selective best-relay cooperation scheme. Denoting γ p = αγ s and letting γ s → +∞, we can obtain an outage probability floor of the ACK based selective cooperation scheme from (37) as Eq. (C.9) at the top of the following page. Meanwhile, the second term in the right-hand side of (C.9) is found as (C.6). Hence, substituting (C.6), (C.13) and (23) Besides, an outage probability floor of the ACK based selective best-relay cooperation scheme can be described as
